The gene for glycoprotein gBl of herpes simplex virus type 1 strain Patton was expressed in stable Chinese hamster ovary cell lines. Expression vectors containing the dihydrofolate reductase (dhfr) cDNA plus the complete gBl gene or a truncated gene lacking the 194 carboxyl-terminal amino acids of gBl were transfected into CHO DHFR-deficient cells. Radioimmunoprecipitation demonstrated that the complete gBl protein expressed in CHO cell lines was cell associated, whereas the truncated protein was secreted from the cells due to deletion of the transmembrane and C-terminal domains of gBl. Cells expressing the truncated gBl protein were subjected to stepwise methotrexate selection, and a cell line was isolated in which the gBl gene copy number had been amplified 10-fold and the level of expression of gBl had increased over 60-fold. The truncated gBl protein was purified from medium conditioned by the amplified cell line. N-terminal amino acid sequence analysis of this purified protein identified the signal peptide cleavage site and predicted the cleavage of a 30-amino-acid signal sequence from the primary protein. The immunogenicity of the truncated gBl protein was also tested in mice, and high levels of antibody and protection from virus challenge were observed.
The gene for glycoprotein gBl of herpes simplex virus type 1 strain Patton was expressed in stable Chinese hamster ovary cell lines. Expression vectors containing the dihydrofolate reductase (dhfr) cDNA plus the complete gBl gene or a truncated gene lacking the 194 carboxyl-terminal amino acids of gBl were transfected into CHO DHFR-deficient cells. Radioimmunoprecipitation demonstrated that the complete gBl protein expressed in CHO cell lines was cell associated, whereas the truncated protein was secreted from the cells due to deletion of the transmembrane and C-terminal domains of gBl. Cells expressing the truncated gBl protein were subjected to stepwise methotrexate selection, and a cell line was isolated in which the gBl gene copy number had been amplified 10-fold and the level of expression of gBl had increased over 60-fold. The truncated gBl protein was purified from medium conditioned by the amplified cell line. N-terminal amino acid sequence analysis of this purified protein identified the signal peptide cleavage site and predicted the cleavage of a 30-amino-acid signal sequence from the primary protein. The immunogenicity of the truncated gBl protein was also tested in mice, and high levels of antibody and protection from virus challenge were observed.
The herpes simplex virus type 1 (HSV-1) genome encodes four major glycoproteins, gBl, gCl, gDl, and gEl, which are found in the viral envelope as well as on the surface of infected cells (reviewed in reference 53). Glycoprotein gBl is one of the more abundant viral glycoproteins and is essential for entry of the virus into cells. Studies with temperaturesensitive (ts) mutants of gBl indicate that this glycoprotein is involved in a membrane fusion activity which is required for penetration (34, 49) . In addition, a mutation which alters the rate of virus entry into the cell has also been mapped in gBl (5) . Further evidence that gBl promotes membrane fusion comes from the mapping of syncytial (syn) mutations to the gBl locus (5, 9, 35) . Glycoprotein gBl, as well as the other viral glycoproteins, also plays an important role in stimulating the host immune response (8, 11, 38) . Epitopes which elicit the production of neutralizing antibodies have been shown to reside in each of the four glycoproteins (reviewed in reference 53) . There is also evidence that these glycoproteins stimulate cell-mediated immunity to HSV in the mouse (6, 31, 50) and in humans (62) .
We have chosen to produce sufficient amounts of gBl to aid in elucidating the immune response of the HSV-infected host and to test as a subunit vaccine. In this report we describe the expression of cell-associated and secreted forms of gBl from stable mammalian cell lines. We also present the purification and N-terminal amino acid sequence of the secreted form of gBl and show that this purified gBl is immunogenic in mice. In the accompanying manuscript (54), we present the sequence and expression of the analogous HSV-2 glycoprotein, gB2. (46) . The open reading frame for gBl spans map coordinates 0.348 to 0.367 as indicated by the bar on the restriction map. The direction of transcription is from right to left. The DNA sequence has been determined (54) from the BamHI site (0.345) on the left to a nonunique AluI site (0.370), which is indicated by an arrow. The hydrophobic signal and transmembrane regions within the protein are indicated by solid bars. The open bars below the restriction map indicate the gBl sequences which were inserted into expression vectors pHS112 and pHS114. (B) Structure of plasmid pSVldhfr. Plasmid pSVldhfr (5.99 kb) consists of the ampicillin resistance gene (Apr) and origin of replication of pBR328 (52) , as a 3.32-kb EcoRI-BamHI fragment, followed by the SV40 early promoter and origin of replication (EP; map units 0.71 to 0.65, 0.325 kb) (32) fused to the murine dhfr cDNA as a 0.72-kb HindIII-BgII fragment (39) . dhfr is followed by 0.630 kb of SV40 sequences between map units 0.56 and 0.44, which include the small T splice donor-splice acceptor site (SS), and 0.998 kb of sequences between map units 0.19 and 0.00 (EcoRI), which include the SV40 early region polyadenylation signal (polyA) (32, 33) . The open bars indicate SV40 sequences, the solid bars refer to dhfr, and the narrow line is the pBR328 sequence. (C) Structure of expression plasmid pHS112. Plasmid pHS112 (11.24 kb) consists of plasmid pSVldhfr plus a second copy of the SV40 early promoter linked to the entire HSV-1 gBl (3.30-kb KpnI-XhoI fragment, solid bar) and the gBl gene is followed by the SV40 small T splice site and polyadenylation site. The SV40-gB1 cassette has been inserted into pSVldhfr at the EcoRI site. (D) Structure of expression plasmid pHS114. Plasmid pHS114 (10.30 kb) is identical to pHS112 except that a smaller HSV-1 segment, a 2.36-kb PvuII-XhoI fragment which encodes a truncated gB1 lacking 194 carboxyl-terminal amino acids, is inserted. Restriction sites: B, BamHI; K, KpnI; P, PstI; Pv, PvuII; S, SalI; X, XhoI; Xm, Xma3; Bg, BgIIl; E, EcoRI; A, AluI; H, HindIll. Restriction sites in parentheses were used in the construction of the plasmids but were not regenerated.
then digested with EcoRI plus BamHI (partial) to excise a 5.25-kb fragment which encoded the gBl gene flanked by the simian virus 40 (SV40) early promoter and the 3' SV40 sequences. This 5.25-kb EcoRI-BamHI fragment was then ligated into EcoRI-cut plasmid pSVldhfr after all fragment ends were again made blunt. The resulting plasmid, pHS112 (Fig. 1C) , encodes the gBl gene directed by the SV40 early promoter as well as the dhfr gene driven by a second copy of the SV40 promoter. The construction of plasmid pHS114 was similar to that described for plasmid pHS112 and also involved two steps. First, the 2.36-kb PvuII-XhoI fragment of HSV-1 (Fig. 1A) , which encodes the 3'-truncated gBl protein, was inserted into plasmid pSVldhfr in place of the dhfr gene by blunt end ligation as described above. The resulting plasmid, pHS113, was digested with EcoRI and BamHI (partial) to excise the 4.4-kb BamHI-EcoRI SV40- EXPRESSION OF HSV-1 (PATTON) gB GENE 317 gBl cassette, which was ligated into pSVldhfr as described for pHS112. The resulting plasmid pHS114 is identical to plasmid pHS112, except that the gB1 protein encoded lacks the transmembrane and cytoplasmic sequences of the complete gBl encoded in pHS112. Translation of the truncated gB in pHS114 terminates within SV40 sequences downstream from gBl. DNA sequence analysis (data not shown) indicated that termination occurred at the SV40 small T stop codon, resulting in the fusion of the C-terminal 24 amino acids of small T antigen to the carboxyl terminus of gBl.
DNA transfections and MTX selection. CHO cells deficient in DHFR were transfected as described previously (40, 58) except that carrier DNA was omitted. A calcium phosphate precipitate of DNA was prepared by mixing a 0.5-ml portion containing 15 ,ug of plasmid DNA in 250 mM CaCl2 with 0.5 ml of twofold-concentrated HEPES-buffered saline (0.14 M NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 2.8 mM glucose, 10 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid], pH 7.0) added dropwise. After a 30-min incubation at room temperature, the DNA mixture was added to a 10-cm dish of cells at 50% confluency in 10 ml of F-12 medium. After incubation at 37°C for 6 to 8 h, the medium was removed from the cells and replaced with 5 ml of 15% glycerol in HEPES-buffered saline. After incubation for 4 min at room temperature, the glycerol was removed and the cells were washed with medium, and then growth was continued in the same medium (F-12). After 2 days the cells were subcultured into selective medium, Dulbecco modified Eagle medium (DME) with 10% dialyzed fetal calf serum plus the supplements described for F-12 medium. Colonies of DHFR-positive cells appeared after 10 to 14 days and were isolated by aspiration with a Pasteur pipette and transfer to a 24-well dish for propagation.
For methotrexate (MTX) selection (1), 105 cells were seeded on 10-cm plates and grown in DME containing MTX (obtained from Lederle Laboratories). After 1 to 3 weeks colonies were picked and propagated as described above. The MTX solution was prepared as a 100-fold-concentrated stock in water and was stored at -20°C. MTX-containing medium was used within 2 weeks.
Immunofluorescence. To analyze gBl synthesis in CHO cells, subconfluent cell monolayers grown in slide wells were washed three times with phosphate-buffered saline (PBS; 0.15 M NaCl, 2.7 mM KCl, 15 .3 mM Na2HPO4, 1.5 mM KH2PO4) prior to fixation with 100% methanol at -20°C for 10 min. After three additional washes with PBS followed by one wash with PBS containing 1% goat serum (PBS+GS), the fixed cells were incubated for 30 min at 37°C with the primary antibody, an anti-HSV-1 rabbit polyclonal antibody (obtained from DAKO, Santa Barbara, Calif.) diluted 1:100 in PBS+GS. The cells were then washed three times in PBS+GS, followed by incubation at 37°C for 30 min with the secondary antibody, a fluoroscein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G (IgG) (Cappel Laboratories, Malvern, Pa.), diluted 1:10 in PBS+GS. After four washes with PBS+GS, the slides were mounted on cover slips with 50% glycerol in 100 mM Tris hydrochloride, pH 8, as the mounting buffer. The fluorescent cells were observed in a Leitz microscope equipped with epifluorescence optics and a 63x phase objective. Live-cell immunofluorescence assays were carried out as described above except that the cells were initially washed once in PBS+GS, followed directly by incubation with the primary antibody at 4°C for 30 min. Before mounting with cover slips, the live cells were fixed with 5% formaldehyde in PBS.
In (30) , followed by analysis on 10% SDS-polyacrylamide gels. Purification of gBl from CHO medium. The gBl protein was purified from medium conditioned by the growth of cells (CHO clone pHS114-C6) in roller bottles by sequential steps of lentil lectin chromatography, immunoaffinity chromatography, and concentration by ultrafiltration. For the first step, 2 liters of conditioned medium was supplemented with 1 mM PMSF and 0.5% aprotinin and then loaded onto a 30-ml column of lentil lectin-Sepharose-4B (Sigma Chemical Co., St. Louis, Mo.) at a flow rate of 50 ml/h. The column was washed sequentially with 100 ml of PBS and 100 ml of PBS containing 0.5 M NaCl. The bound fraction was eluted with PBS containing 0.5 M NaCl, 0.5 M a-methylmannoside, 0.1% Triton X-100, and 0.5% aprotinin, and fractions were assayed for gBl by enzyme-linked immunosorbent assay (ELISA).
The peak column fractions were pooled and applied to a 10-ml immunoaffinity column prepared by linking 70 mg of a rabbit anti-gB1 polyclonal antibody to cyanogen bromideactivated Sepharose 4B. The gBl-specific rabbit antiserum was raised against gBl protein, which was purified by preparative SDS-polyacrylamide gel electrophoresis from HSV-1-infected Vero cell lysates. Prior to coupling, an VOL. 61, 1987 318 PACHL ET AL.
IgG-enriched fraction was prepared from the gBl-specific rabbit antiserum by precipitation with 33% saturated ammonium sulfate. Following application of the lectin column eluate to the immunoaffinity column, the column was washed consecutively with 20 ml of 10 mM Tris hydrochloride, pH 7.5, and 10 ml of LB without SDS and BSA and then with 30 ml of 10 mM Tris hydrochloride, pH 7.5-0.5 M NaCl. The bound fraction was eluted with 3 M ammonium thiocyanate, pH 7.5, and the gB1 protein peak was detected by ELISA and Western analysis (56) . The peak fractions were concentrated and equilibrated in storage buffer (100 mM NaCl, 10 mM Tris hydrochloride, pH 7.5, 1 mM EDTA, 7.5% glycerol) by ultrafiltration with a PM10 membrane (Amicon Corp., Danvers, Mass.). To remove protein absorbed to the membrane surface, the membrane was washed with storage buffer plus 0.1% Triton X-100, and this wash was then combined with the initial concentrated fraction. The total protein concentration at each step of the gBl purification was determined with a protein assay kit (BioRad Laboratories, Richmond, Calif.).
Preparation of HSV-1 glycoprotein mixture. Vero cells were infected with HSV-1 strain Patton and processed as described above for preparation of virus stock. After the clarification step, the infected-cell suspension was pelleted at 4°C for 3 min at 121 x g. This pellet was washed once with 5 ml of PBS containing 0.5 mM MgCl2 and 0.9 mM CaCl2, and the cells were lysed in 5 ml of LB without BSA and supplemented with 1 mM PMSF, 0.5% aprotinin, and 0.1 [xg of pepstatin per ml. The cell lysate was then adjusted to 5 mM CaCl2 and 10 ,ug of micrococcal nuclease per ml, and the mixture was incubated for 30 min at room temperature with gentle mixing, followed by centrifugation at 12,100 x g at 4°C for 30 min. The supernatant was immediately applied to a 10-ml column of lentil lectin-Sepharose 4B, and the column was washed with 15 ml of buffer A (0.25 M NaCl, 20 mM Tris hydrochloride, pH 8.1, 0.5% Nonidet P-40, 0.1 mM MnCl2, 0.1 mM CaCl2). Bound glycoproteins were eluted with buffer A containing 0.2 M a-D-methylmannoside, and the glycoprotein peak was monitored by SDS-polyacrylamide gel electrophoresis. The appropriate fractions were pooled and stored at -70°C. On average, 2 to 4 mg of total protein was purified from one roller bottle of virus-infected cells. This protein mixture contained approximately 26% gBl and 4.5% gD as well as high concentrations of gC, lower amounts of gE and gG, and a mixture of unidentified HSV-1 and Vero cell proteins.
ELISAs. The concentration of gBl protein in CHO cellconditioned medium was measured by an indirect ELISA, with a preparation of purified recombinant gBl in which the concentration of gBl had been determined by amino acid analysis used as the standard. Portions (50 p,l) of F3AB, a gBl-specific monoclonal antibody (44) , diluted 1:1,000 in PBS were adsorbed to the wells of a 96-well polyvinylchloride plate (Dynatech Laboratories, Inc.) by incubation for 1 h at room temperature. Excess antibody was removed by three washes with PBS containing 5% goat serum, and SO-,u portions of medium samples or the gBl protein standard diluted in PBS+GS were added to the wells and incubated for 1 h at room temperature. The plates were then washed three times with PBS+GS, followed by a third 1-h incubation with 50 RIl of rabbit anti-HSV-1 polyclonal antibody diluted 1 HSV-specific antibodies were measured by a direct ELISA, with the HSV-1 glycoprotein mixture described above as the antigen. All incubations were carried out in SO-pu total volumes for 1 h at room temperature. The antigen was diluted to 10 ,ug/ml in PBS and adsorbed to the wells of a 96-well polyvinylchloride plate. The plate was then washed three times with PBS containing 5% goat serum prior to the addition of test serum dilutions in PBS+GS. The wells were washed three times with PBS+GS, followed by the addition of horseradish peroxidase-conjugated goat anti-mouse IgG (Cappel) diluted 1:200 in the same buffer. The wells were washed five times with PBS and developed with ABTS as described above. The reported titer corresponds to the serum dilution which produced an absorbance at 414 nm equal to 50% of the maximum value.
Amino acid composition and N-terminal sequence analysis. The concentration of the purified gBl protein used as a standard for the ELISA was measured by amino acid analysis with the Pico-Tag system of Waters Associates (2) . The N-terminal sequence was determined by Edman degradation with a gas phase protein sequencer (Applied Biosystems, Foster City, Calif.) (19) . Phenylthiohydantoin amino acids were identified by C18 reverse-phase high-pressure liquid chromatography (17) .
Isolation of DNA and RNA and determination of copy number. Cellular DNA was isolated as described previously (36) except the pronase was replaced by protease K. For determination of DNA copy number, the DNA was digested to completion with BamHI, subjected to electrophoresis in a 1% agarose gel, and analyzed by Southern blot hybridization as described previously (37) . The blot was probed with the 2.38-kb PvuII-XhoI fragment of gBI which had been labeled by nick translation (45 (37) , and the number of copies of gBl mRNA per cell was calculated from the dot blot analysis from the size of the gBl (3.9 kb) and assuming that the total amount of RNA per cell is twice the DNA content, or 20 pg. The dot blot and Northern hybridizations were done at 42°C under the conditions described above for the Southern blot.
RESULTS
Construction of CHO cell lines expressing membrane-bound and secreted forms of HSV-1 glycoprotein gBl. The HSV-1 gBl gene was located between 0.345 and 0.400 map units on the HSV-1 genome by the mapping of mutations affecting the kinetics of virus uptake, cell fusion, and reactivity with monoclonal antibodies (9, 23) and by mapping the transcript encoding gBl (22, 43) . The nucleotide sequence analysis of this region for HSV-1 strains KOS (4), F (41), and Patton (54) reveals a protein of 903 amino acids (strains KOS and F) or 904 amino acids (strain Patton) with the structure of a membrane glycoprotein, including a hydrophobic region of 29 amino acids (strains F and KOS) or 30 amino acids (strain Patton) at the N terminus, which was predicted to be a cleavable signal sequence (41). This sequence is followed by a 696-amino-acid hydrophilic domain and then a hydrophobic region of 69 amino acids that has the characteristics of a transmembrane domain, finally followed by a C-terminal domain of 109 amino acids.
To establish permanent CHO cell lines expressing either a membrane-bound or secreted form of gBl, portions of the gBl gene from HSV-1 strain Patton were inserted into an expression vector suitable for mammalian cells. The gBl gene was subcloned from the EcoRI F fragment (46) of HSV-1 strain Patton as an 8.9-kb BamHI fragment (map units 0.345 to 0.403). The complete gBl coding sequences were excised from this fragment as a 3.3-kb KpnI-XhoI fragment which also included 250 base pairs of 5' untranslated mRNA leader sequence and 287 base pairs of 3' untranslated sequence, including two polyadenylation signals located 17 and 258 bp downstream from the translation termination codon (54) (Fig. 1A) . A 2.36-kb PvuII-XhoI fragment of gBl was also isolated (Fig. 1A) , which would encode a gBl protein which was truncated at the carboxyl terminus by the deletion of 194 amino acids, resulting in removal of the transmembrane and cytoplasmic domains of gBl.
These gBl genes were inserted into the mammalian expression vector pSVldhfr (Fig. 1B) , which is a modification of plasmid pSV2dhfr (33, 55) . Plasmid pSVldhfr includes the SV40 early promoter, which directs transcription of the selectable marker dhfr (39) . The dhfr cDNA is followed by SV40 sequences which include the small T splice site and the early-region polyadenylation signal. Two derivatives of plasmid pSVldhfr were constructed: plasmid pHS112 (Fig. 1C) , which encodes the complete gB gene, and plasmid pHS114 (Fig. 1D) (Fig. 2a) . In contrast, when clone pHS114-A7, which was transfected with the truncated gBl, was analyzed in the same manner, diffuse cytoplasmic staining of gBl was detected and no association with subcellular structures was apparent (Fig. 2b) . These results suggest that in clone pHS112-1 gBl may be membrane associated, which would be expected due to the presence of the transmembrane domain. This hypothesis is supported by the observation that when cells with intact cytoplasmic membranes were analyzed by immunofluorescence, membrane association of gBl was detected in cells from clone pHS112-1 but not from clone pHS114-A7 (data not shown).
To analyze the gBl proteins produced by the CHO clones, cells were labeled with [35S]methionine, followed by radioimmunoprecipitation with an anti-HSV-1 rabbit polyclonal antibody. When clone pHS112-1, which expresses the full-length gBl protein, was pulsed for 1 h, the major gBl proteins detected in cell lysates were polypeptides of 92 and 105 kilodaltons (kDa), plus a minor band of approximately 115 kDa (Fig. 3A, lane 1) . The 92-kDa polypeptide probably represents the primary gBl translation product after signal peptide cleavage, although the apparent size is smaller than the 97-kDa polypeptide that would be predicted from the amino acid sequence. The larger 105-and 115-kDa polypeptides are probably glycosylated forms of gBl derived from the 92-kDa precursor. To characterize further these gBl proteins, the CHO clone was pulsed for 1 h with [35S]methionine, followed by a 5-h chase. Under these conditions a considerable increase in the 115-kDa polypeptide was detected in the cell lysate, and the amount of the 92-kDa polypeptide was considerably reduced (Fig. 3A, lane  2) , suggesting that the 115-kDa band may represent the mature, fully glycosylated form of gBl produced in this cell line. This 115-kDa protein is similar in size to the gBl polypeptides detected in HSV-1-infected cells (61) and HSV-1 virions (49) . No gBl polypeptides were detected in the cell medium after the chase (data not shown), verifying that this gBl protein remains cell associated.
When the expression of clone pHS114-A7, encoding truncated gBl, was analyzed after a 1-h pulse, the predominant gBl band detected intracellularly was an 88-kDa polypeptide (Fig. 3B, lane 1) . This protein was also immunoprecipitated by the gBl-specific monoclonal antibody F3AB (44) (data not shown). This 88-kDa polypeptide is larger than the 78-kDa polypeptide expected for the primary translational product of the truncated gene and may represent a partially glycosylated precursor. A reduced amount of the 88-kDa polypeptide was detected intracellularly after the 5-h chase (Fig. 3B, lane 2) , as was a new polypeptide of 100 kDa. When conditioned medium was analyzed after the chase, only the 100-kDa polypeptide was detected, indicating that this protein is secreted and may be a more highly glycosylated form of the 88-kDa intracellular precursor (Fig. 3B, was quite low, and from lower exposures of the gel shown in Fig. 3B , it appeared that less than 10% of the gBl detected intracellularly as an 88-kDa polypeptide after the pulse labeling was actually secreted as the 100-kDa extracellular protein.
To increase the level of expression of the secreted form of gBl, cells derived from clone pHS114-A7 were selected stepwise in increasing concentrations of MTX. This selection procedure has been shown to induce amplification of dhfr (1) and adjacent sequences (18, 24 (Fig. 3C) , the 88-kDa intracellular and 100-kDa extracellular gBl proteins described above for the unamplified clone (pHS114-A7, Fig.  3B) were detected, and the efficiency of secretion was again quite low. Densitometric analysis (data not shown) of autoradiographs of gBl proteins immunoprecipitated from pHS114-C6 cell lysates and media indicated that only 8% of the radioactivity incorporated into the 88-kDa polypeptide after a 1-h pulse (Fig. 3C , lane 1) could be chased into the 100-kDa secreted polypeptide after 5 h (Fig. 3C, lane 2) . About 1.4% of the immunoreactive gBl remained in the cell lysate after the 5-h chase, and about 30% of this material was in lower-molecular-weight bands (Fig. 3C, lane 4) , suggesting that intracellular protein degradation was occurring.
To determine the level of amplification of gBl sequences after MTX selection, the gBl DNA copy number of clones pHS114-A7 (unamplified), pHS114-B25 (0.3 ,uM MTX), and pHS114-C6 (10 FiM MTX) was determined by Southern blot analysis. The cellular DNAs were digested with BamHI, which should release the gBl sequences plus flanking SV40 sequences as a 4.4-kb fragment, and these digests were then probed with the 2.38-kb PvuII-XhoI fragment of gBl (Fig.  4A) . The number of copies of the gBl gene was estimated by densitometric comparison with known amounts of BamHIdigested plasmid pHS114 (Fig. 4A, lanes 1 to 5) . From this analysis it appears that the pHS114-A7 clone (Fig. 4A, lane  6 ) had eight copies of gBl distributed among four fragments as follows: one copy at 16 kb, three copies at 8 kb, and two copies each at 4.4 and 3.9 kb. The clone from the first round of MTX amplification, pHS114-B25 (0.3 ,uM MTX), lost the 3.9-kb and 8-kb bands and did not amplify the 4.4-kb and 16-kb fragments (Fig. 4A, lane 7) . This result indicates that the 3.5-fold increase in gBl expression observed in these cells compared with the parental pHS114-A7 clone (Table 1) occurred without a concomitant increase in DNA copy number. The 4.4-kb and 16-kb bands were retained in the pHS114-C6 (10 ,uM MTX) clone; the gBl sequences in both bands were amplified to about five copies each, and an additional copy of a 3-kb gBl fragment was also detected (Fig. 4A, lane 8) . This increase in DNA copy number of the 4.4-kb and 16-kb gBl fragments in clone pHS114-C6 accounted for part of the 62-fold increase in gBl expression observed when this clone was compared with the unamplified pHS114-A7 clone ( Table 1 ). The preferential amplification of specific gBl sequences observed in these clones is consistent with previous studies of gene amplification (25, 60) which have shown that chromosomal location determines the amplification frequency and stability of a transfected gene.
The gBl mRNA size and copy number from the amplified clone pHS114-C6 (10 ,uM MTX) was also determined. By Northern analysis, more than 90% of the gBl mRNA was J. VIROL. (43) , and a-chymotrypsinogen (25.7) , are shown. Arrows in panels A and B indicate major gBl-specific bands. detected as a 3.9-kb mRNA (Fig. 4C, lanes 1 and 2) , which is the size expected from the gBl transcription unit in the plasmid pHS114 (Fig. 1D) . Minor RNA species of 2.9, 2.3, and 1.9 kb were also detected. The gBl mRNA copy number per cell was determined by a quantitative dot blot comparing gB1-specific sequences in total cellular RNA with a gB1 DNA standard (Fig. 4B) . Assuming that the dot blot signal was due entirely to hybridization with the 3.9-kb mRNA, approximately 4,400 copies of gBl mRNA per cell were detected.
Purification of recombinant gBl and N-terminal amino acid analysis. The secreted form of gBl was purified from the medium of clone pHS114-C6 grown in roller bottles. The conditioned medium (Fig. 5, lane A) was first fractionated by lentil lectin chromatography (lane C), which removed most of the serum protein contaminants (lane B), followed by immunoaffinity chromatography with a gBl-specific rabbit polyclonal antibody linked to Sepharose 4B. After desalting and concentration by ultrafiltration, the gBl preparation was about 70% pure as determined by gel analysis (Fig. 5, lane  D) . The overall recovery of gBl from a typical preparation was 15% (Table 2) , with about a 50% recovery at each step of the purification.
To verify the identity of the secreted gBl protein and to locate the signal peptide cleavage site, the N-terminal amino acid sequence of the purified protein was determined by the method of Edman degradation (19) . The sequence of the first 18 amino acids of the secreted gBl protein (Fig. 6 ) was identical to residues 31 to 48 of the predicted amino acid sequence for strain Patton (54) . The sequence identified the first amino acid of the mature gBl protein as Ala-31 and predicted the cleavage of a 30-amino-acid signal sequence from the primary protein. The N-terminal Ala-31 was preceded by an alanine-rich signal peptidase recognition site, Ala-28-Ser-29-Ala-30 (42, 59 ). This signal peptide cleavage site was also predicted by Pellett et HSV challenge (7, 10, 26) . To determine whether the truncated gBl secreted from CHO cells could also induce a protective immune response, mouse immunization experiments were done to compare the purified truncated gBl with a mixture of glycoproteins purified from HSV-1-infected Vero cells. Similar HSV-1 or HSV-2 glycoprotein preparations have been shown to be highly immunogenic in animal models (20, 21; (group 2). Some of the negative control sera (group 3) showed a low but measurable prechallenge ELISA titer which may have been the result of common cellular proteins found in the CHO medium. After challenge with HSV-1, 80% of the untreated control mice died within 7 days, whereas 80% of the mice which received recombinant gB and 100% of the mice immunized with the HSV-1 glycoprotein mixture were protected. The antibody titers in the serum of the surviving mice were also measured. For mice immunized with recombinant gB, two showed a slight reduction in titer after challenge. Mice immunized with the HSV-1 glycoprotein mixture showed little change in antibody titers after challenge, except for one mouse which showed a 6-fold increase from an initial low titer, and the one surviving control mouse also showed an increase in titer after challenge.
DISCUSSION
Stable CHO cell lines that express the complete gBl protein or a truncated protein lacking the 194 carboxylterminal amino acids of gBl have been established. The truncated protein was secreted from cells due to deletion of the transmembrane and C-terminal domains of gBl, whereas 6. Comparison of the N-terminal amino acid sequence of the secreted form of gBl with the sequence determined by DNA sequence analysis. The N-terminal sequence of the secreted form of gBl, which was purified from medium conditioned by CHO clone pHS114-C6, was determined by Edman degradation. The predicted amino acid sequence, residues 25 to 48, for strain Patton is taken from Stuve et al. (54) and is identical to residues 24 to 47 described by Pellett et al. (41) for strain F. For five of the residues determined by Edman degradation, the identity of the residue was ambiguous, and both possible amino acids are shown.
the complete protein was cell associated. The level of expression of the truncated gBl protein in CHO cells was increased at least 60-fold by MTX selection, and this selection was also shown to result in a 10-fold amplification in gBl DNA copy number. The truncated form of gBl was also purified from medium conditioned by growth of these cells, and the identity of this recombinant protein was verified by N-terminal sequence analysis. This analysis identified the signal peptide cleavage site of gBl and predicted the cleavage of a 30-amino-acid signal sequence from the primary protein.
The efficiency of secretion of the truncated gBl protein from CHO cells was low, with less than 10% of the [35S]methionine-labeled gBl being detected in the medium after a chase. The presence of lower-molecular-weight gBl fragments in cell lysates suggests that intracellular degradation of gBl is occurring, perhaps due to deletion of the 194 carboxyl-terminal amino acids. It is also possible that the 24-amino-acid SV40 small T fusion protein at the 3' end of the truncated gBl protein may be responsible for the poor secretion of this protein. However, we recently constructed a gBl expression vector similar to plasmid pHS114, except that a stop codon was introduced at the 3' end of the truncated gBl, eliminating the SV40 fusion protein. A CHO clone expressing this truncated gBl was analyzed by radioimmunoprecipitation, and the secretion efficiency and intracellular degradation pattern of gBl were similar to those described for the pHS114-C6 clone (Fig. 3C) . These results indicate that the SV40 fusion protein was not responsible for the poor secretion of truncated gBl observed in CHO cells and that some other property of the gBl protein may be involved. Using a plasmid construction similar to plasmid pHS114 for expression of a truncated HSV-2 gB protein (gB2) in CHO cells, we also observed a low secretion efficiency for gB2 (54) . These results suggest that sequences necessary to direct gBl and gB2 to the cell surface may have been deleted from these proteins by removal of the transmembrane and cytoplasmic domains. Alternatively, it is possible that deletion of the C-teminal domain of gB altered the tertiary or quaternary structure of the protein in such a way that efficient transport is blocked. Recent studies with the vesicular stomatitis virus glycoprotein G (28) and the influenza virus hemagglutinin protein (13) have suggested that for these proteins only those molecules which can assemble to form native oligomers are efficiently transported to the Golgi apparatus and the cell surface. Proteins which are transported slowly or not at all have also been found to be associated with a 77-kDa cellular protein, BiP (3, 14) . We do not know whether the truncated gBl is associated with BiP intracellularly; however, it is likely that the truncated gBl is correctly folded because this protein is recognized by two monoclonal antibodies, F3A/B and D8AB (44) The truncated gBl protein will also be useful for analyzing the immune response of the HSV-infected host. In addition to the dimerization site, this protein retains other important structural features of the complete protein, including 9 of the 11 potential N-linked glycosylation sites of gBl (4, 41, 54) and the epitopic sites for two type-common neutralizing monoclonal antibodies (41) . Results 
